Bone morphogenetic proteins (BMPs) belong to the TGF-␤ superfamily and play an important role in development and in many cellular processes. We have found that BMP-2, BMP-6, and BMP-9 induce the most potent osteogenic differentiation of mesenchymal stem cells. Expression profiling analysis has revealed that the Inhibitors of DNA binding/differentiation (Id)-1, Id-2, and Id-3 are among the most significantly up-regulated genes upon BMP-2, BMP-6, or BMP-9 stimulation. Here, we sought to determine the functional role of these Id proteins in BMP-induced osteoblast differentiation. We demonstrated that the expression of Id-1, Id-2, and Id-3 genes was significantly induced at the early stage of BMP-9 stimulation and returned to basal levels at 3 days after stimulation. RNA interference-mediated knockdown of Id expression significantly diminished the BMP-9-induced osteogenic differentiation of mesenchymal progenitor cells. Surprisingly, a constitutive overexpression of these Id genes also inhibited osteoblast differentiation initiated by BMP-9. Furthermore, we demonstrated that BMP-9-regulated Id expression is Smad4-dependent. Overexpression of the three Id genes was shown to promote cell proliferation that was coupled with an inhibition of osteogenic differentiation. Thus, our findings suggest that the Id helix-loop-helix proteins may play an important role in promoting the proliferation of early osteoblast progenitor cells and that Id expression must be down-regulated during the terminal differentiation of committed osteoblasts, suggesting that a balanced regulation of Id expression may be critical to BMP-induced osteoblast lineage-specific differentiation of mesenchymal stem cells.
potent mesenchymal stem cells differentiate into preosteoblasts rather than serve as progenitor cells for myocytes, adipocytes, or chondrocytes. These preosteoblasts then differentiate into mature osteoblasts that deposit the necessary components to form bone matrix and allow subsequent mineralization. Bone morphogenetic proteins (BMPs) 1 play an important role in regulating osteoblast differentiation and subsequent bone formation (2, 3) . BMPs belong to the TGF-␤ superfamily and play an important role in development (4, 5) . At least 15 types of BMPs have been identified in humans (4, 6 -8) . Genetic disruptions of BMPs have resulted in various skeletal and extraskeletal developmental abnormalities (9) . BMP signaling activity is initiated by interaction with the heterodimeric complex of two transmembrane serine/threonine kinase receptors, BMPR types I and II (10, 11) The activated receptor kinases phosphorylate the transcription factors Smads 1, 5, or 8. The phosphorylated Smads then form heterodimeric complexes with Smad4 and activate the expression of target genes in concert with other co-activators (12) (13) (14) .
We have conducted a comprehensive analysis of the osteogenic activity of 14 types of human BMPs (i.e. BMP-2 to BMP-15) and found that BMP-2, BMP-6, and BMP-9 are the most potent factors promoting osteogenic differentiation of mesenchymal stem cells both in vitro and in vivo (15, 16) . To gain insights into the signaling mechanisms behind BMP-induced osteoblast differentiation, we have analyzed the gene expression profiles of the preosteoblast precursor cells that were stimulated with osteogenic BMPs versus non-osteogenic BMPs (17) . We found that Id-1, Id-2, and Id-3 are among the most significantly up-regulated genes upon stimulation of osteogenic BMPs, i.e. BMP-2, BMP-6, and BMP-9 (17) . Consistent with our findings are several recent reports indicating that Id genes may be downstream targets of TGF-␤ and BMP signaling (18 -22) . However, the functional role of the Id proteins in BMPinduced osteogenic differentiation remains to be defined.
Id genes were first identified in myoblasts, where they prevented myogenic basic helix-loop-helix (bHLH) transcription factors from binding to muscle-specific regulatory elements (23) (24) (25) . As key regulators of tissue-specific gene expression, bHLH proteins function as obligate dimers and bind to DNA through the composite basic domains to activate the transcrip-tion of target genes containing E-boxes (CANNTG) in their promoters. Id proteins dimerize with bHLH proteins, but the resultant heterodimers are unable to bind to DNA because Id proteins lack the basic domains for DNA interaction. Of the four Id genes identified in mammals, Id-1 and Id-3 are ubiquitously expressed, whereas Id-2 and Id-4 exhibit a more restricted pattern of expression (23) (24) (25) .
In this study, we sought to determine the functional role of Id proteins in BMP-induced osteoblast differentiation. We first conducted expression profiling analysis and identified that Id-1, Id-2, and Id-3 were up-regulated in osteogenic BMPstimulated mesenchymal stem cells. We next demonstrated that the expression of the Id-1, Id-2, and Id-3 genes was readily induced at an early stage of BMP-9 stimulation and returned to basal levels 3 days after stimulation. RNAi-mediated knockdown of Id expression diminished the BMP-9-induced osteogenic differentiation of mesenchymal progenitors. Surprisingly, a constitutive overexpression of Id genes also inhibited the osteoblast differentiation initiated by BMP-9. Our results demonstrate that Id proteins may play an important role in promoting the proliferation of early osteoblast progenitor cells and that Id expression must be down-regulated during terminal differentiation of committed osteoblasts. This suggests that a balanced regulation of Id gene expression may be critical to BMP-induced bone formation.
EXPERIMENTAL PROCEDURES
Cell Culture and Chemicals-C2C12 and C3H10T1/2 cell lines were obtained from the ATCC (Manassas, VA). HCT116 and its Smad4 Ϫ/Ϫ derivative line (26) , kindly provided by Ken Kinzler and Bert Vogelstein of The Johns Hopkins Medical Institutions, Baltimore, MD, were maintained in complete McCoy's 5A supplemented with 10% fetal calf serum (Mediatech, Herndon, VA), 100 units of penicillin, and 100 g of streptomycin at 37°C in 5% CO 2 . C2C12 cells were maintained in complete Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 100 units of penicillin, and 100 g of streptomycin at 37°C in 5% CO 2 . C3H10T1/2 cells were maintained in Basal Medium Eagle in Earle's balanced salt solution, supplemented with 10% fetal bovine serum, 100 units of penicillin, and 100 g of streptomycin at 37°C in 5% CO 2 . Unless indicated otherwise, all chemicals were purchased from Sigma.
Recombinant Adenoviral Vectors Expressing BMP-9 and Ids-Recombinant adenovirus (AdBMP-9) expressing human BMP-9 (also known as GDF-2) was generated as previously described (15, 27) . For the construction of the Id adenoviral vectors, the coding regions of mouse Id-1, Id-2, and Id-3 were PCR-amplified and subcloned into pAdTrack-CMV. Adenoviruses expressing Id (i.e. AdIds) were generated using the AdEasy technology as described (15, 27) . All PCRamplified fragments and cloning junctions were verified by DNA sequencing. For a control, we used an analogous adenovirus only expressing GFP (i.e. AdGFP) as previously described (27) . Details about vector construction are available upon request.
Isolation of Total RNA-Subconfluent C2C12 and C3H10T1/2 cells were seeded in 75-cm 2 cell culture flasks for 12 h in complete medium supplemented with 0.5% fetal calf serum and infected with a predetermined optimal titer of AdBMP-9 or AdGFP. At the indicated time after infection, total RNA was isolated using RNAgent total RNA isolation kit (Promega, Madison, WI) according to the manufacturer's instructions.
Microarray Hybridization and Analysis-Subconfluent C3H10T1/2 cells were infected with AdBMP-9 or AdGFP. At 30 h after infection, total RNA was isolated for target preparation. Microarray hybridizations (using Affymetrix mouse GeneChip 430A) and significance analysis of microarrays (28) and dChip clustering analysis were carried out as previously described (17) . Hybridizations for BMP-9-and GFPtreated samples were done in triplicate.
Quantitative Real-time PCR (qRT-PCR) Analysis-Ten micrograms of total RNA were used to generate cDNA templates for reverse transcriptase PCR. The first strand cDNA synthesis was performed using a hexamer (Promega) and Superscript II reverse transcriptase (Invitrogen). The first strand cDNA products were diluted 10-fold and used as qRT-PCR templates. The qRT-PCR analysis used respective pairs of oligonucleotides (18-mers) to amplify the 3Ј-end (ϳ120 bp) of the Id-1, Id-2, and Id-3 genes. A list of the primers is available upon request. 2 The SYBR Green-based qRT-PCR analysis was carried out using the Opticon DNA Engine thermocycler (M J Research, Waltham, MA). The cycling program was as follows: 94°C ϫ 2 min for one cycle, 4 cycles at 92°C ϫ 20 s, 68°C ϫ 30 s, and 72°C ϫ 20 s with a decrease of 3 degrees/cycle, and 30 cycles at 92°C ϫ 20 s, 57°C ϫ 30 s, and 72°C ϫ 20 s, followed by a plate read at 75°C each cycle. A 10-fold serially diluted pUC19 was used as a standard. Triplicate reactions were carried out for each sample. All samples were normalized by the expression level of glyceraldehyde-3-phosphate dehydrogenase.
RNAi-mediated Silencing of Id Expression-To generate small interfering RNA (siRNA) pools, we employed the in vitro Dicer-mediated digestions of double-stranded RNA derived from the target genes. Briefly, a pair of PCR primers (anchored with a T7 promoter sequence at the 5Ј-end of each primer) was used to amplify the target gene (e.g. Id-1, Id-2, Id-3, or GFP control). The purified PCR product was subjected to T7 RNA polymerase-mediated in vitro transcription (Promega). The resultant double stranded RNAs were subjected to recombinant Dicer (or RNase III) digestion (New England Biolabs, Beverly, MA) following the manufacturer's instructions. Transfection of the siRNA cocktails was carried out using LipofectAMINE (Invitrogen) according to the manufacturer's instructions. The sequences of the primers are available upon request. 2 Western Blotting Analysis-At the indicated time points, the infected or transfected cells were lysed in Laemmli sample buffer and loaded on 4 -20% gradient SDS-polyacrylamide gels. After being resolved by electrophoresis, proteins were transferred to an Immobilon-P membrane (Millipore) via electroblotting. The membranes were blocked with SuperBlock® DryBlend blocking buffer in Tris-buffered saline (Pierce) at room temperature for 1 h and probed with the Id-1 (Santa Cruz Biotechnology), Id-2, and Id-3 antibodies (BD Pharmingen) for 60 min, followed by a 30-min incubation with secondary antibodies conjugated with horseradish peroxidase (Pierce). The presence of Id proteins was detected by using the SuperSignal West Pico or West Femto chemiluminescent substrate kit (Pierce).
Immunofluorescence Staining-The cells were fixed with methanol at Ϫ20°C for 15 min and washed with phosphate-buffered saline 2-3 times. The fixed cells were permeabilized with 1% Nonidet P-40/phosphate-buffered saline, blocked with goat serum at room temperature for 30 min, and followed by incubation of the cells with goat serum containing Id-1 (Santa Cruz Biotechnology), Id-2, and Id-3 antibodies (BD Pharmingen) for 60 min. After being washed, the cells were incubated with biotin-labeled secondary antibodies for 30 min. The presence of Id proteins was examined under a fluorescence microscope by incubating the cells with streptavidin-Alexa Fluor 594 (Molecular Probes) for 20 min at room temperature. Stains without the primary and/or secondary antibodies, or with control IgG, were used as negative controls.
Alkaline Phosphatase Activity-Alkaline phosphatase activity was assessed by colorimetric assay (using p-nitrophenyl phosphate as a substrate) and/or histochemical staining assay (using a mixture of 0.1 mg/ml naphthol AS-MX phosphate and 0.6 mg/ml Fast Blue BB salt) as previously described (15, 17) .
Proliferation Assay-C2C12 cells were seeded in 96-well plates and infected with the indicated adenoviral vectors. At 48 h after infection, cells were incubated with fresh medium containing 20 l of CellTiter 96 AQueous One Solution (Promega) for 1 h, followed by transferal of 60 l of the medium from each well to that of enzyme-linked immunosorbent assay 96-well microtiter plates, and by reading absorbance at 490 nm. All samples were adjusted with the readings from the (no-cell) mediumonly control. Each assay condition was done in triplicate.
RESULTS

Id-1, Id-2, and Id-3 Helix-Loop-Helix Genes Are among the Most Significantly Up-regulated Early Targets of Osteogenic BMP-2, BMP-6, and BMP-9, but Not of Non-osteogenic
BMPs-We have previously demonstrated that, among 14 BMPs, BMP-2, BMP-6, and BMP-9 exhibit the greatest ability to induce osteoblast differentiation of mesenchymal progenitor cells both in vitro and in vivo (15, 16) . To understand the mechanisms behind BMP-mediated osteogenic signaling, we compared the expression patterns in preosteoblast progenitor C2C12 cells stimulated with three osteogenic BMPs (i.e. BMP-2, BMP-6, and BMP-9) and two inhibitory/non-osteogenic BMPs (i.e. BMP-3 and BMP-12), as well as with the GFP control (17) . We found that the overall expression pattern of the osteogenic BMPs was similar to each other but distinct from those of BMP-3, BMP-12, and the GFP control (17) . Significance Analysis of Microarrays (28) revealed that there were 203 genes whose expression changed by at least 2-fold, 105 up-regulated and 98 down-regulated by osteogenic BMPs. Interestingly, three of the Id helix-loop-helix genes, Id-1, Id-2, and Id-3, were among the top 10 most significantly up-regulated genes by the osteogenic BMPs (17) . The microarray data indicated that the three Id genes were readily induced by BMP-2, BMP-6, and BMP-9 (up to 30-fold) but were not affected by BMP-3. BMP-3 has been shown to function as a negative regulator of bone formation because BMP-3 null mice exhibit higher bone density (29) .
Next, we carried out an expression profiling analysis in osteogenic BMP-stimulated C3H10T1/2 mesenchymal stem cells using Affymetrix mouse GeneChip 430A (each contains over 22,000 gene probes). Subconfluent C3H10T1/2 cells were infected with AdBMP-2, AdBMP-6, AdBMP-9, or AdGFP for 30 h, and RNA was isolated for microarray hybridizations. As shown in Fig. 1A , the normalized signal intensities for the three Id genes were notably higher in the osteogenic BMP-stimulated samples than in the GFP control. The microarray results were of good quality, as two of the known BMP targets, Smad6 and Smad7, were significantly induced by BMP-2, BMP-6, and BMP-9 but not by GFP. The triplicate hybridizations for BMP-9-and GFP-treated samples were further characterized by dChip clustering analysis. As shown in Fig. 1B , the expression of the Id-1, Id-2, and Id-3 genes was up-regulated in BMP-9-stimulated C3H10T1/2 cells, consistent with our earlier findings in C2C12 cells (17) .
We next sought to verify whether the three Id genes were indeed induced by osteogenic BMPs. In this study, we focused on BMP-9 because we have found that BMP-9 is one of the most potent osteogenic BMPs, and yet it is one of the least characterized BMPs. Experimentally, C3H10T1/2 and C2C12 cells were infected with AdBMP-9 or AdGFP, and total RNA was isolated at 1, 2, 3, and/or 5 days after infection. The expression level of individual Id genes was analyzed by quantitative realtime PCR. As shown in Fig. 2, A and B, the BMP-9-induced expression of the three Id genes peaked in the day 1 or day 2 samples in C3H10T1/2 cells. The expression of the three Id genes returned to baseline at 5 days after infection. Similar trends were observed in C212 cells (Fig. 2, C and D) . The expression of all three Id genes was induced by BMP-9 with the highest level observed in the day 1 samples (e.g. 17-, 41-, and 8-fold increases for Id-1, Id-2, and Id-3, respectively). At day 3 after infection, the expression of the three Id genes had almost returned to basal levels. We also found that the expression of glyceraldehyde-3-phosphate dehydrogenase was not significantly changed (Ͻ2-fold) in all samples (data not shown). We next sought to determine the level of the three Id proteins upon BMP-9 stimulation using Western blotting analysis. Consistent with the results of quantitative real-time PCR analysis, the levels of Id-1, Id-2, and Id-3 proteins were elevated in BMP-9-stimulated C2C12 cells at days 1 and 2 but had almost returned to basal levels by day 3 (Fig. 2E) formation is not known. We sought to determine whether or not the RNA interference-mediated depletion or knockdown of Id gene expression would have any effect on BMP-9-induced osteogenic differentiation. To generate double-stranded siRNAs that efficiently target Id transcripts, we synthesized doublestranded RNAs corresponding with the coding regions of Id-1, Id-2, and Id-3 genes via in vitro transcription. These doublestranded RNA products were subjected to recombinant Dicer digestion, resulting in the siRNA pools (i.e. siId-1, siId-2, and siId-3). A control siRNA pool targeting GFP was also prepared. The produced siRNA pools were first tested for their efficiency and specificity of gene silencing. As shown in Fig. 3, A and B , the siRNAs targeted the respective Id gene expression rather specifically, and the GFP control siRNAs did not affect the expression of Id genes as demonstrated by Western blotting analysis (Fig. 3A) and immunofluorescence staining (Fig. 3B ) using specific Id antibodies. We also confirmed that there was no detectable cross-targeting activity of the Id siRNA pools (data not shown).
We next transfected the siRNA cocktails into subconfluent C2C12 and C3H10T1/2 cells, which were subsequently infected with either AdBMP-9 or AdGFP. We determined the alkaline phosphatase (ALP) activity in the transfected/infected cells. ALP significantly elevates in committed osteoblasts and is a well established marker of early osteogenesis (30) . At 4 days (for C2C12) or 5 days (for C3H10T1/2) after transfection/infection, cells were fixed and the ALP activity was detected histochemically. As shown in Fig. 3 , C and D, the introduction of siRNA pools targeting Id-1, Id-2, or Id-3 into both cell lines reduced the BMP-9-induced ALP activity, which was only marginally affected by the GFP siRNA mixture. Similar results were obtained when ALP activity was quantitatively measured using a colorimetric assay (Fig. 3, E and F) . Specifically, in C2C12 cells, introduction of the siRNA pools targeting Id-1, Id-2, and Id-3 resulted in ϳ90, 93, and 86% decreases in BMP-9-induced ALP activity, respectively, whereas the ALP activity only decreased ϳ10% in the cells transfected with the GFP siRNA mixture (Fig. 3E) . Similar trends were seen in C3H10T1/2 cells; BMP-9-induced ALP activity in siId-1, siId-2, and siId-3-transfected cells was inhibited by ϳ85, 93, and 91%, respectively (Fig. 3F) . We further tested whether combinations of siRNA cocktails targeting different Id genes would exhibit a greater inhibition on BMP-9-induced ALP activity. As shown in Fig. 3G , the combinations of two or all three siRNA cocktails resulted in ϳ80 -90% reduction of ALP activity, indicating that a single Id siRNA mixture was as efficient as the combinations of two or all three Id siRNA cocktails. These findings were somewhat surprising, although it is possible that the difference in gene transfer efficiency may limit the further inhibition of total ALP activity when combinations of Id siRNA cocktails were used. For example, the transfection of siRNA cocktails is likely less efficient than AdBMP-9-mediated adenoviral infection, and as a secreted protein BMP-9 would affect all cells, not just the infected cells. Nevertheless, these findings strongly suggest that the three Id proteins play an important role in the early stage of BMP-9-induced osteogenic signaling.
Constitutive Id Expression Inhibits the BMP-9-induced Osteogenic Differentiation of the Preosteoblast Progenitor Cells-
The above RNAi experiments indicate that the Id genes may be important mediators of BMP-9-induced osteogenic signaling. However, based on our time course expression data of the three Id genes (Fig. 1B) and the well established inhibitory effect of Ids on myogenesis (23) (24) (25) , we hypothesized that a prolonged expression of the Id genes could inhibit osteogenic differentiation. Here, we sought to determine whether or not constitutive overexpression of the Id genes would indeed inhibit BMP-9-induced osteogenic differentiation. We constructed recombinant adenoviral vectors that expressed the mouse Id-1, Id-2, and Id-3 (i.e. AdId-1, AdId-2, and AdId-3), respectively. Adenovirus-mediated expression of the Id genes was confirmed by Western blotting analysis (data not shown). Like the AdBMPs, the AdIds also expressed the GFP reporter so their transduction efficiency was readily monitored. As shown in Fig. 4A , the three AdId viruses and AdGFP were able to effectively transduce subconfluent C3H10T1/2 cells with a similar efficiency when the same titer of adenoviruses was used.
To determine the effect of AdIds on BMP-9 activity, we co-infected subconfluent C2C12 and C3H10T1/2 cells with Ad-BMP-9 and either AdIds or AdGFP. At 4 days (for C2C12) or 5 days (for C3H10T1/2) after transfection/infection, cells were fixed and ALP activity was determined histochemically. As shown in Fig. 4 , B and C, the BMP-9-induced ALP activity was inhibited in cells co-infected with AdId-1, AdId-2, and AdId-3, whereas the control AdGFP had no effect on the BMP-9-induced ALP activity. Similar results were obtained when the ALP activity was quantitatively measured using a colorimetric assay (Fig. 4, D and E) . Specifically, in C2C12 cells, co-infection with AdId-1, AdId-2, and AdId-3 led to decreases in BMP-9-stimulated ALP activity by ϳ70, 86, and 79%, respectively (Fig.  4D) . Accordingly, co-expression of Id-1, Id-2, and Id-3 in C3H10T1/2 cells reduced BMP-9-stimulated ALP activity by ϳ50% (Fig. 4E) . These results were reproducibly observed in at least three independent batches of experiments. Notably, overexpression of Id-1, Id-2, or Id-3 alone in these cells did not affect the basal ALP activity (data not shown). Taken together, these findings strongly suggest that the constitutive expression of these three Id genes inhibits BMP-9-induced osteogenic differentiation.
BMP-9-regulated Id Gene Expression Is Smad4-dependentAlthough highly osteogenic, BMP-9 is one of the least characterized BMPs, and its early signaling events are poorly understood. We sought to determine whether Smad4 plays a role in BMP-9-regulated Id expression by using a recently reported somatic knock-out line of human Smad4 (e.g. HCT116 Smad4 Ϫ/Ϫ ) (26) . Genetic disruption of Smad4 in this cell line completely abolished its responsiveness to TGF-␤ (26). We infected the subconfluent HCT116 parental line and its isogenic Smad4 Ϫ/Ϫ line with AdBMP-9 or AdGFP for 30 h. Total RNA was collected for quantitative real-time PCR analysis of Id-1, Id-2, and Id-3 expression. As shown in Fig. 5, A and B, BMP-9 induced 2-5-fold increases in the expression of three Id genes in the parental line but not in the Smad4 Ϫ/Ϫ cells, suggesting that Smad4 may play a role in BMP-9-mediated Id gene expression.
Expression of Id Genes Promotes Proliferation of Early Progenitor Cells while Inhibiting Osteogenic Differentiation-We
further examined whether the inhibition of BMP-9-induced osteogenic differentiation resulted from the increase in Id protein-mediated proliferative activity in the preosteoblast precursor cells. Briefly, we determined the relative proliferative activity and the alkaline phosphatase activity of C2C12 cells infected with AdBMP-9, AdIds, or AdBMP-9 and AdIds (using AdGFP as a control). At 3 days after infection, the rate of cell growth was determined by the MTS-based cell proliferation assay (Promega). As shown in Fig. 5C , the introduction of the three Id genes resulted in a slight increase in formazan production (reflected by the 490-nm absorbance), whereas BMP-9 stimulation led to a slight decrease in formazan production. However, co-expression of BMP-9 and the Id genes in C2C12 cells led to 32-42% increases in formazan production compared with that of the GFP control. In parallel experiments, we determined ALP activity in the C2C12 cells infected with the FIG. 3. Inhibition of BMP-induced osteogenic differentiation by RNAi-mediated knockdown of Id gene expression. A and B , specificity of the siRNA cocktails targeting Id genes. A, C2C12 cells were transfected with different siRNA cocktails, followed by AdBMP-9 infection. At 36 h after transfection/infection, cells were lysed and subjected to Western blotting analysis as described in Fig. 2E . The presence of same set of viral vectors. As shown in Fig. 5D , only the AdBMP-9-infected cells exhibited a significant increase in ALP activity, whereas in cells co-infected with AdBMP-9 and AdIds, the BMP-9-induced ALP activity decreased to 20 -15% of that of the cells infected with AdBMP-9 alone. These findings suggest that constitutive expression of the Id genes promotes cell proliferation and inhibits the BMP-induced terminal differentiation of osteoblast progenitor cells. Interestingly, the Id protein- A, recombinant adenoviral vectors expressing mouse Id genes (i.e. AdIds) were generated using the AdEasy technology. The adenovirus-mediated expression of the Id genes was confirmed by Western blotting (data not shown). In addition to Id genes, these viruses also express GFP as a convenient marker for gene transduction. Subconfluent C3H10T1/2 cells were infected with the same titer of three AdId viruses and AdGFP. GFP expression was determined at 24 h after infection using fluorescence microscopy. Subconfluent C2C12 cells (B and D) and C3H10T1/2 (C and E) cells were co-infected with AdBMP-9 and AdIds or AdGFP. 4 days (B and D) or 5 days (C and E) after infection, cells were subjected to determination of ALP activity by histochemical staining (B and C) and by colorimetric assays (D and E) as described under ''Experimental Procedures.'' mediated inhibition of osteogenic differentiation cannot be prevented or reversed by the introduction of E2A proteins (i.e. E12 and E47). Specifically, C2C12 cells were first transfected with vectors constitutively expressing the human E12 or E47 gene, followed by co-infections of AdIds and AdBMP. At 4 days after transfection/infection, we did not detect any increase in ALP activity compared with those without the exogenous expression of E2A proteins (data not shown). Although further investigation may be needed, the current findings suggest that other yet to be identified osteogenic bHLH factors may interact with the Id proteins and hence regulate BMP-9-induced osteogenesis. DISCUSSION We have recently demonstrated that BMP-2, BMP-6, and BMP-9 represent the most potent BMPs in promoting osteogenic differentiation (15) . Through a comparative expression profiling analysis of genes whose expression was only regulated by osteogenic BMPs, we found that Id-1, Id-2, and Id-3 were among the most significantly up-regulated genes upon BMP-2, BMP-6, or BMP-9 stimulation (17) . In this report, we studied the functional importance of these three Id genes in BMPinduced osteogenic differentiation. Our results demonstrated that Id-1, Id-2, and Id-3 are early target genes of BMP-9 signaling, and their expression has to be tightly regulated during BMP-9-induced osteogenic differentiation.
Our results suggest a model in which the Id proteins could play a dual role in BMP-mediated osteogenic differentiation (Fig. 6) . Upon BMP stimulation, the up-regulation of Id-1, Id-2, and Id-3 gene expression may promote the proliferation of preosteoblast progenitor cells and could simultaneously inhibit the ϩ/ϩ and its derivative line Smad4 Ϫ/Ϫ were infected with AdBMP-9 or AdGFP for 36 h. Total RNA was collected for qRT-PCR analysis using primers derived from the 3Ј-untranslated regions of the human Id-1, Id-2, and Id-3 genes as described for Fig. 2 . C, cell proliferation assay. C2C12 cells were infected with the indicated adenoviral vectors for 48 h. MTS assays were carried out by incubating the cells with CellTiter 96 AQueous One Solution (Promega) for 1 h, followed by reading absorbance at 490 nm. D, ALP activity assay. C2C12 cells were infected with the indicated viral vectors as described for panel C. Colorimetric assays of ALP activity were done on day 3 after infection as described for Fig. 3 . Representative results of three independent experiments are shown. differentiation capability of the early progenitors. At the later stage of BMP stimulation, the expression of Id genes returns to the basal level, which permits the terminal differentiation of osteoblast lineage (Fig. 6) . Consistent with this model is a recent study (31) in which BMP-4-induced Id expression suppresses differentiation and sustains the self-renewal of mouse embryonic stem cells in collaboration with transcription factor STAT3. The premature terminal differentiation of neuroblasts has also been observed in Id-1
Ϫ/Ϫ double mutant mice (32) . BMP-9 represents one of the least characterized BMPs. Originally identified from fetal mouse liver cDNA libraries, BMP-9 is highly expressed in developing mouse liver, and recombinant human BMP-9 stimulates hepatocyte proliferation (33) . BMP-9 may play a role in hematopoietic progenitor cell generation and colony formation (34) and in the induction and maintenance of neuronal cholinergic phenotype (35) , as well as in glucose homeostasis (36) . We and others have demonstrated that BMP-9 exhibits potent osteoinductive activity both in vitro and in vivo (15, 37) . However, the mechanisms underlying BMP-9-mediated osteogenesis remain undefined. In this study, we focused on the functional role of the three Id proteins in BMP-9-induced osteogenic differentiation. It is likely that our findings about BMP-9 may also be applicable to other osteogenic BMPs, such as BMP-2, BMP-4, BMP-6, or BMP-7.
Several studies have suggested that Id-1 may be a direct BMP target (38 -40) . Elements conferring BMP responsiveness have been identified in the Id-1 promoter as Smad-binding elements and a GC-rich sequence, both of which bind Smad1 and Smad5 (39, 40) . Interestingly, although BMPs up-regulate Id-1 expression, levels of Id proteins are down-regulated in response to TGF-␤ in epithelial cells (22) . Repression of the Id-1 promoter by TGF-␤-specific Smad2 or Smad3 requires synthesis of the transcriptional repressor ATF3 (22) . It would be important to elucidate how the Id genes are regulated by osteogenic BMPs in mesenchymal stem cells.
The role of Id proteins in cell cycle and senescence has attracted a great deal of attention (24, 25) . Overexpression of Id-1 in cell culture reduces the expression of the cyclin-dependent kinase inhibitor p16, a known mediator of senescence (41) . Regulation of cell cycle by Id proteins may also be accomplished via interaction with the Rb protein. Loss of Id-2 partially rescues the Rb Ϫ/Ϫ phenotype, because the lethality in Rb Ϫ/Ϫ mice at E14.5 is accompanied by widespread proliferation and defective differentiation and apoptosis in multiple tissues but is absent in Rb Ϫ/Ϫ ,Id-2 Ϫ/Ϫ animals (42). Interestingly, individual Id disruptions fail to demonstrate the functional role of Ids in skeletal development due to possible functional redundancy and/or overlapping activity of Id genes. Still, Id-2 null animals exhibit a retarded growth, and any combinations of double Id mutants are embryonically lethal (32, (43) (44) (45) .
In conclusion, we have demonstrated that Id-1, Id-2, and Id-3 are early targets of osteogenic BMP signaling and their products may play an important role in regulating BMP-induced bone formation, because the RNAi-mediated knockdown or constitutive expression of these Id genes inhibits osteogenic differentiation initiated by BMPs (i.e. BMP-9). Future studies should be directed at determining the immediate effects of early transcription upon Id overexpression and identifying potential bHLH factors that may interact with Id proteins and play an important role in controlling osteoblast lineage-specific differentiation of mesenchymal stem cells.
